The ever-increasing human demand for safe and clean water is gradually pushing conventional water treatment technologies to their limits. It is now a popular perception that the solutions to the existing and future water challenges will hinge upon further developments in nanomaterial sciences. The concept of rational design emphasizes on 'design-for-purpose' and it necessitates a scientifically clear problem definition to initiate the nanomaterial design. The field of rational design of nanomaterials for water treatment has experienced a significant growth in the past decade and is poised to make its contribution in creating advanced next-generation water treatment technologies in the years to come. Within the water treatment context, this review offers a comprehensive and in-depth overview of the latest progress in rational design, synthesis and applications of nanomaterials in adsorption, chemical oxidation and reduction reactions, membrane-based separation, oil-water separation, and synergistic multifunctional all-in-one nanomaterials/nanodevices. Special attention is paid to the chemical concepts related to nanomaterial design throughout the review.
Introduction
Water pollution and water scarcity are among the most challenging problems facing mankind nowadays. 1 With rapid population growth, steadily improving life standards, fast industrialization and modernization of developing countries, these challenges will persist, if not worsen, in the years to come. 2 Conventional water treatment technologies, including adsorption, [3] [4] [5] chemical treatment, [6] [7] [8] [9] membrane-based separation, 10, 11 and biological treatment, [12] [13] [14] are generally designed on the basis of bulk water chemistry and without any doubt, these technologies have made critical contributions to sustaining human society in the past century. However, the everincreasing demand for safe and clean water is gradually pushing them to their limits. On the other hand, ever since 1959, when the term "nanotechnology" was first used by Richard Feynman in his famous lecture entitled "there's plenty of room at the bottom", 15 the field of nanomaterials/nanotechnology has been experiencing literally explosive growth, especially in the last two decades. [16] [17] [18] [19] [20] [21] In a traditional sense, nanomaterials have two primary advantages over conventional bulk materials: (1) very small size and huge specific surface area, which are beneficial to many interface-related applications; 16, [22] [23] [24] [25] [26] [27] (2) distinctively tunable chemical, physical, optical, electronic and mechanical properties, which can be rationally adjusted by controlling their size, surface morphology, shape and crystal orientation. [28] [29] [30] [31] [32] [33] [34] As a result, the concept of going to nanoscale has opened up numerous new avenues that would otherwise be impossible with conventional bulk materials. 16, 27 Moreover, the application of nanomaterials/nanotechnology for water treatment and more broadly for environmental remediation has steadily grown into a distinct field with the expected growth rate on an exponential rise. [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] In the early stages, the concept of nanomaterials first attracted attention from researchers in environmental science and it was regarded as having unconfirmed potential in environmental remediation. At this stage, major efforts have been made in searching for available nanomaterials developed by materials scientists in a trial-and-error manner. Occasionally, materials scientists were also involved in the water treatment research in a bid to find some applications for their newly developed nanomaterials. Although a high level of disconnection between the researchers who synthesized the nanomaterials and those who tested their performances was previously not uncommon, this pioneering work demonstrated the great potential of nanomaterials in the water treatment field 35 and therefore naturally pushed it to the next stage, which can be described as the rational design of nanomaterials for water treatment. By this stage, researchers realized that the chemistry and ultimately the functions of nanomaterials could be deliberately predesigned for a desired purpose before embarking on nanomaterial synthesis. Within the scheme of rational design, less attention is paid to the inherent properties of the currently available nanomaterials and more focus is on designing and calculatedly imparting synergistic multi-functionalities to the as-developed nanomaterials or in some cases nanodevices to target a clearly defined problem. [46] [47] [48] [49] [50] [51] In this rational design stage, the nanomaterials are generally made of multi-components, and the material design, synthesis and application have been seamlessly integrated within one entity to ensure effective and iterative communication/feedback between the nanomaterial design and the final performance toward welldefined purposes, which leads to a high likelihood of achieving the final goals. The focus of this review is on the rational design of nanomaterials for water treatment applications. However, the review is not intended to be exhaustive and instead it aims to give a comprehensive overview of this exciting field using a limited number of examples. It is for this purpose that some topics, for example, nano-assisted bio-remediation, nanoassisted ion-exchange, nanomaterial-based water pollutant sensors, nano-assisted microbial fuel cells and design of nanoscale zero-valent iron (NZVI)-based treatment systems, although interesting, are not included in the review. It can be noted that the review defines nanomaterials as substances with controllable features at the nanoscale, instead of on a particle size basis, which makes many materials and devices eligible for this review. The review is divided into the following sub-topics: (1) rational design of nanoporous materials and their pore structure controls, (2) rational design of nano-adsorbents by surface chemistry engineering; (3) rational design of nano-assisted oxidation and reduction processes; (4) rational design of nano-assisted membrane-based separation; (5) rational design of superwetting surfaces for oil-water separation; (6) multifunctional all-in-one nanomaterials and nanodevices for designed purposes, and (7) concluding remarks.
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Rational design of nanoporous materials and their pore structure controls
As the size of a particle decreases, its specific surface area (i.e., the surface area per unit mass) increases drastically (Fig. 1a ) 52 and it was the ultra-high specific surface area of nano-sized materials that first attracted attention from the water treatment field because numerous water treatment processes rely on interface-related processes (e.g., adsorption, chemical reaction, and catalysis), [5] [6] [7] 9 whose performance is positively dependent on the material surface area. Exciting published results have demonstrated the effectiveness of the strategy of going to nano-size for an enhanced performance by fabricating smaller and smaller materials. 22, [53] [54] [55] As an important example, research groups all around the world demonstrated the remarkably higher degradation rate of trichloroethylene (TCE) by nanoscale zero-valent iron (NZVI) (generally sized 10-100 nm) than by bulk iron filings (with size >2 mm) in conventional permeable reactive barriers
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(PRBs). [56] [57] [58] [59] [60] [61] [62] [63] NZVI for TCE degradation heavily dominated research into the application of nanomaterials for water treatment, especially groundwater treatment, in the early stages. 37 However, an inevitable drawback of having nano-sized particles is the separation and recycling problems after their use, which diverts some research into making numerous nanosized pores in larger materials. With a well-designed nanoporous material, the material simultaneously possesses both a high surface area and a reasonably large particle size, which alleviate separation and recycling concerns to a large extent. Thus, nanoporous materials have found themselves numerous applications in water treatment as nanoporous adsorbents, [64] [65] [66] nanoporous catalysts 67 and nanoporous hosting substrates for nano-sized catalysts. 68, 69 Historically, activated carbon, whose surface area is generally between 500 and 1500 m 2 g −1 , is a conventional nanoporous material and has been widely utilized for water treatment in the past century. 70 Its ultra-high surface area, along with its high stability in aqueous environments, makes it an important and versatile adsorbent for a variety of water pollutants. However, the major shortcomings of activated carbon are as follows: (1) its pore structure is disordered and (2) the majority of its pores is within the range of micropores ( pores with size ≤2 nm) (Fig. 1b) , which leads to its low adsorption capacity for large molecules, its sluggish mass transfer kinetics and long equilibration time. It is common for many activated carbons to take days or even weeks to reach their adsorption mass transfer equilibrium. [70] [71] [72] [73] [74] [75] [76] Significant efforts were made in finding ordered porous silica-based nanostructures with a high surface area in the 1990s. In 1991, Dr Whitesides from Harvard University highlighted the concept of self-assembly, which is the key strategy for the synthesis of various nanostructures. 77 In 1992, the Mobil company in the USA highlighted a liquid-crystal template mechanism, which further facilitated pore structure control and led to the creation of the well-known ordered mesoporous silica materials, MCM-41, MCM-48 and MCM-50 (commonly known as the MCM-41s), with well-ordered and uniform pore sizes of 2-8 nm. 78 The creation of MCM-41s
demonstrates a meaningful route in preparing ordered nanoporous structures and in controlling the pore diameters using different surfactants, adopting different hydrothermal/calcination treatment temperatures and adding micelle swelling agents. Compared to conventional activated carbon, MCM-41s have ordered pore structures, controllable pore sizes and accordant pore diameters. These advantages made controllable nano-synthesis a very attractive method for the further fabrication of new porous materials at that time. The field of pore size and pore structure control was fast moving. In 1993, the concept of cooperative self-assembly was put forward by Dr Stucky 79 ( Fig. 2) . 80 Five years later, a new branch of wellordered mesoporous materials with larger pore diameters (7.5 to 32.0 nm) and thicker walls (3.1 to 6.4 nm) was fabricated at the University of California, Santa Barbara (UCSB), named SBA-15, using block-copolymers with large molecular weights as the structure-directing agents. 81 The increase in the wall thickness increases the stability of mesoporous silica and the larger pores make the adsorption of large molecules feasible and at the same time dramatically increase the mass transfer kinetics within the pores. In 1999, Ryoo et al. first demonstrated the fabrication of a mesoporous carbon material, CMK-1, with an ordered and uniform mesoporosity by a nanocasting method. 82 Later, a family of mesoporous carbon, named CMK-X (X = 1-9), was similarly fabricated using different mesoporous silica as hard templates and different precursors as the carbon source. 83 The mesopores of these materials come from the removal of the silica templates and therefore correspond to the wall thickness A structural scheme for a typical activated carbon, which contains highly disordered macropores (>50 nm), mesopores (2-50 nm) and micropores (<2 nm). The micropores contribute to a large part of its surface area, but are only available for the adsorption of small molecules and may be easily jammed by large molecules.
of their mother templates, which is in the range of 1-4 nm.
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As expected, compared with conventional activated carbon, the mesoporous carbon showed dramatically enhanced adsorption kinetics and capacities. 75 In one example, ordered mesoporous carbonaceous phenol-formaldehyde resins prepared by a nanocasting method exhibited adsorption capacities of 317.5 mg g −1 and 134.2 mg g −1 for fuchsin and aniline, respectively, with the adsorption equilibration time being less than 1 hour. 84 However, the nanocasting synthesis of mesoporous carbon uses mesoporous silica as a template, which makes it a multistep and material-intensive procedure. In 2004, Dai et al. reported a direct synthesis of ordered mesoporous carbon using a block-copolymer as a structure directing agent and resorcinol as a carbon precursor via a soft template method. 85 Soon afterwards, Zhao et al. reported an improved direct synthesis strategy for mesoporous carbon, FDU-14, FDU-15 and FDU-16, using low molecular phenolic resin as a precursor and a Poloxamer-type block-copolymer as a structure directing agent (Fig. 3a) . [86] [87] [88] This method was then quickly extended to the synthesis of mesoporous carbon via an aqueous solution, which makes it suitable for large scale production. 89 To date, the pore size of the FDU family of mesoporous carbon can be readily tuned from 12 to 37 nm, which opens up a lot of applications for them.
90-93
The excellent progress with respect to the synthesis of mesoporous silica and carbon with controllable, uniform and large pore sizes (Fig. 3b ) provides these materials with plenty of opportunities in water treatment. The removal of microcystins from water by adsorption is an insightful example. It is well known that microcystins are extremely toxic with a large molecular weight of about 1000 Da and a large size of 1-2 nm; they are usually produced in cyanobacterial blooms occurring in many eutrophic waters. 94 Activated carbon has been adopted for the adsorption of microcystins and it is found that the small micropores of the activated carbon do not contribute Fig. 3 (a) Two strategies for the direct synthesis of mesoporous carbon using a block copolymer as a structure directing agent. In the first strategy (left), one block of the block copolymer is used as the carbon source and the other block is selectively removed to form uniform mesopores. In the second strategy (right), the carbon precursor is added separately and the entire block copolymer is removed after the carbonization process. Reprinted with permission from ref. 2 The formation of mesoporous material via a cooperative self-assembly strategy. In the first step, surfactants and inorganic species are attracted together due to interactions arising from hydrogen bonds or electrostatic attractions; in the second step, continuous hydrolysis and crosslinking of the inorganic species cause further cooperative aggregation and eventually lead to phase separation from the solution; in the third step, the surfactant-inorganic species form an ordered mesostructure to decrease the total interfacial energy; the fourth step involves further polymerization and condensation of inorganic species. Upon surfactant removal, the final mesoporous product is obtained. to the adsorption due to the molecular sieve effect. 95 In 2007, In the past decade, ultra-thin two dimensional (2D) solids, defined as crystals with very high aspect ratios and with thicknesses corresponding to a single or a few atomic layers, have attracted tremendous research attention 98 due to their extremely high surface atom ratio along with other attractive features. In water treatment, the 2D materials are particularly appealing, mainly for the following reasons: (1) the ultra-thin layer structure of the 2D materials endows them with a high specific surface area and stable structures. For example, the surface area of monolayer graphene is around 2630 m 2 g −1 ;
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(2) the edges and defect sites on the layers of the 2D materials can be conveniently functionalized; (3) when stacked together, they form a tight structure but with a controllable interlayer space, which is desirable for many design purposes; 100, 101 (4) in practice, few-layer-stacked 2D structure-based materials can be facilely synthesized and can be used to make various types of bulk materials such as membranes, powders and fibers. [100] [101] [102] Among these, graphene, an atomic monolayer consisting of densely packed carbon atoms, along with its derivatives (especially graphene oxide (GO) and reduced graphene oxide (rGO)), are by far the most studied 2D materials. 98 Due to its ultra-thin wall thickness, a graphene-based ultraporosity sponge with an extremely high pore volume has proven very effective as an oil sorbent, removing as much as 69 times that of its own weight. [102] [103] [104] In 2011, a new and exciting group of 2D materials composed of early transition metal carbides and/or carbonitrides, now known as MXenes, was introduced by Gogotsi's group 105 and its family has been growing henceforth, along with its prospective applications. 98 MXenes are produced by etching out the A layers from M n+1 AX n phases, where M is an early transition metal, A is mainly a group IIIA or IVA (i.e., group 13 or 14) element, X is C and/or N, and n = 1, 2, or 3. 98, 106 Their natural tendency to adsorb cations onto their surfaces and their high surface area endow MXenes with highly desirable properties in energy storage and water treatment areas.
Rational design of nanoadsorbents by surface chemistry engineering
Nanoporous, especially well-ordered mesoporous materials, are cut out to be excellent adsorbents, given their high surface areas, large and regularly ordered mesoscale channels, and fast mass transfer kinetics. 75, 96, 97, 107 However, a high and fast adsorption relies not only on a large surface area to provide active adsorption sites and unobstructed pathways for the adsorbates to quickly reach their adsorption sites, but also on the interaction between the active sites and the targeted adsorbates, which controls the strength and the selectivity of the adsorption. 108, 109 While the surfaces of carbon-based nanoporous materials are largely chemically inert and thus difficult to functionalize, the surfaces of silica materials are covered by silanol groups, which only provide weak interactions with polar adsorbates, leading to a limited adsorption capacity and unsatisfactory selectivity. However, given their well-known rich chemistry, silica surfaces and silanol groups are susceptible to a variety of chemical modifications, which is also due to the wide availability of various organosilane coupling reagents. [108] [109] [110] Therefore, in parallel with pore size and pore structure engineering, surface chemical functionalization, especially of nanoporous silica based materials, is also a basis of many rational designs of nano-adsorbents for water pollutant removal.
Charged species removal
Cationic heavy metal removal. Most of the functional ligand groups can be easily linked to the surface of mesoporous silica by grafting organosilanes with the corresponding terminal groups via -Si-O-Si-covalent bonds (Fig. 4a) . 108, 113 The surface grafting can be achieved either by a post-grafting strategy or by a one-pot co-condensation strategy and both of these have been well developed in the last decades. [114] [115] [116] One successful example is the mesoporous silica materials functionalized with thiol-based ligand groups (thiol, thiourea, and thioether) on their pore surfaces for the removal of Hg 2+ by adsorption. 109, 112, 117 These rationally designed adsorbents show extremely high capacity, fast kinetics, and high selectivity over common competing metal cations due to the specific complex chemistry between Hg
2+
and thiol-based groups, in which the Hg to -SH molar ratio can be as high as 1.0. In 1997, Liu et al. synthesized a mesoporous silica material and grafted its pore surface with (methoxy)mercaptopropylsilane to achieve 76% coverage of the pore surface with the -SH groups (Fig. 4b) , and the synthesized material exhibited a high Hg 2+ adsorption capacity of 505 mg g −1 . 117 In addition to the post grafting method, also feasible is the introduction of the -SH group onto the pore surface of mesoporous silica by a one-pot co-condensation strategy with an even higher -SH group loading (4.1 mmol g behind the high selectivity in this case is not fully understood, the results hint that beyond the simple groups as discussed above, the design of more complicated ligands may provide some unprecedented opportunity to achieve exclusive binding to target heavy metal cations of interest with high selectivity. One shortcoming of the silica-based materials is the poor stability of the -Si-O-Si-bond in basic conditions, which may cause leaching of the surface-grafted functional groups. 123 Very recently, Li et al. reported a thiol-functionalized, porous, organic polymer-based nano-trap for selective Hg 2+ removal and the material achieved an Hg 2+ adsorption capacity of over 1000 mg g −1 along with a high selectivity and fast adsorption kinetics (Fig. 5a) . 123 More importantly, this material showed high stability in water under a wide pH range, which was attributed to its stable C-C bond, and it remained stable at high temperatures up to 270°C. Other abundant and inexpensive polymers, such as polystyrene and polysaccharide, have also been tested in adsorption applications and showed good performances in the removal of heavy metals, organic dyes and other organic compounds. 134 In the structures of these oxyanions, the metal cations are surrounded by oxygen and their orbitals are generally fully occupied. 111 As a result, achieving specific binding of these oxyanion species on adsorbents is theoretically challenging. To date, the basic strategy to remove these overall negatively charged groups is utilizing electrostatic attraction by positively charged surfaces. [134] [135] [136] [137] Given their positive charges under acidic conditions, amino-based groups are the most popular choice for surface modification. As expected, the effectiveness of this strategy is highly dependent on environmental conditions (e.g. pH, ionic strength and presence of competing species) and it has a poor selectivity due to the nature of the weak electrostatic interaction. As mentioned above, iron ions form very strong binding interactions with arsenate and chromate and therefore all types of iron-containing materials, such as zero-valent iron, iron oxides, iron oxyhydroxides and iron hydroxides, have been utilized for the removal of arsenic and chromium in the last two decades, 134 and they are regarded as promising adsorbents due to their natural abundance, low cost and non-toxicity. In 2000, Lackovic et al. demonstrated that both As(III) and As(V) could be effectively removed from an aqueous solution by zerovalent iron due to surface precipitation or complexation of arsenic with iron. 143 By making smaller and smaller ironcontaining nanoparticles, the adsorption capacity with respect to arsenic has been greatly improved. 22 Such a high capacity is mainly attributed to the high fraction of exposed iron on the surface of these ultrasmall particles. However, the ultra-small particles have a strong tendency to agglomerate, which reduces their specific surface area and thus adsorption capacity. 144 146 In addition to making self-supported mesoporous frameworks, an alternative strategy was recently explored, which involved loading ultra-small iron nanoparticles onto a high surface nanoporous substrate to avoid particle aggregation. Zhao et al. loaded Fe 2 O 3 nanoparticles with a size less than 10 nm on a mesoporous carbon matrix with a high loading capacity of 52 wt%, and the arsenic adsorption capacity of this composite material was 29.4 mg g −1 .
147 Yu et al. designed a structure in which ultra-small γ-Fe 2 O 3 nanoparticles (6 nm) were well dispersed within a mesoporous silica foam with a pore size of around 100 nm and a pore volume of 1.6 cm 3 g −1 . 148 The non-agglomeration of γ-Fe 2 O 3 in the structure maintained a high level of active adsorption sites, leading to high adsorption capacities for As(III) at 320 mg g −1 and As(V) at 248 mg g −1 . In addition, the large particle size and large pore size of the hosting silica foams ensured fast adsorption kinetics and made possible a direct packing of the materials into a filter cartridge for household drinking water treatment at an ambient pressure. 148 Besides the strong interaction of Fe species with As and Cr oxyanions, some other strong interactions between metal oxide and anionic ions were also discovered and utilized. 128 For example, it is now known that iron oxide, magnesium oxide, zirconium oxide and alumina all form strong interactions with fluoride, and the nanostructures of these metal oxides have been utilized for fluoride adsorption. 128 Ahn et al. compared mesoporous alumina and activated alumina and concluded that a large surface area and mesopore size of the mesoporous alumina were desirable for a high fluoride adsorption capacity and fast adsorption kinetics. 149 Chen et al. [155] [156] [157] In 1992, mesoporous silica was first synthesized via cooperative self-assembly between surfactants and silica 79 and the as-made materials before calcination can be regarded as unconfined micelle arrays that are solidified by silica matrices via weak electrostatic interactions. In the late 1990s, Denoyel et al. demonstrated that these hybrid materials exhibit a high efficiency in removing various chlorophenols from an aqueous solution. 158, 159 However, the problem of surfactant leaching out of these hybrid materials during the adsorption and regeneration process inhibited their practical applications. In 2008, a study by UCSB rationally designed magnetic permanently confined micelle arrays (Mag-PCMAs) to overcome the surfactant leaching problem (Fig. 6a) . 160 In their design, a special surfactant, 3-(trimethoxysily) propyl-octadecyldimethylammonium chloride (TPODAC), which is able to form covalent bonds with silica frameworks, was utilized in a cooperative selfassembly and therefore the micelle arrays, once formed, were permanently solidified within the silica frameworks by covalent bonds. Due to the permanent confinement of the micelles, Mag-PCMAs can be easily regenerated by simple solvent washing without losing their HOC adsorption capacity and due to the magnetic core of this core-shell structured nanomaterial, Mag-PCMAs work well in ex situ soil washing as well. Some coworkers later applied a micelle-swelling strategy during the material synthesis (Fig. 6b) and created extra space inside the permanently confined micelles, which led to an increase in the HOC adsorption capacity by as much as 3.5 times. 161 Cai et al.
synthesized a similar core-shell magnetic mesoporous silica adsorbent by a two-step method and the final product exhibited a good performance with respect to PAH removal. 162 Compared with many good material designs for HOC removal, the adsorption of charge-neutral hydrophilic pollutants with environmental significance, such as many of pharmaceuticals and personal care products (PPCPs) and dissolved natural organic matter (NOM), is always challenging and problematic. A few attempts were made using carbon-based materials, such as activated carbon and ordered mesoporous carbon, and some of these materials showed a good performance towards PPCP adsorption. [163] [164] [165] However, these carbon materials are nonselective and versatile adsorbents and thus their application to this end is not within the rational design domain. The sluggish progress in hydrophilic water pollutant adsorption is not due to lack of effort, but the intrinsic hydrophilicity of these compounds makes them reluctant to leave water. Based on the principle of like dissolves like, good adsorbents for charge-neutral hydrophilic pollutants can be materials whose hydrophilicity is such that it maximizes its differences with water but at the same time minimizes its difference with the pollutants of interest, which however has not yet been confirmed experimentally. Molecular recognition-based adsorption has shown some promise with respect to the removal of this group of water pollutants, but it is still too early to draw any definite conclusions.
Molecular recognition based adsorption
Adsorption based on molecular recognition has gained some attention in the past decade, with aptamer and molecular imprinting approaches being two good examples. [166] [167] [168] The commonality of all molecular recognition approaches lies in the use of the target pollutant species as a template to select or create the adsorbent that has the capability to precisely recognize and, more importantly, select the target from a wide range of species even where similar structures are present. Aptamer is a recently developed type of new ligand that can exhibit highly specific and strong affinity to the target molecule with multiple interaction points from three-dimensional directions. 169, 170 For a specific target molecule, a special aptamer can be selected exclusively for the target from a huge library of DNA molecules containing randomly created sequences via the systematic evolution of ligands by exponential enrichment (SELEX), also known as in vitro selection. 171, 172 This strategy has been adopted in various research areas, such as nanomaterials synthesis and sensor development, and has recently been utilized in water treatment. In 2009, Kim et al. selected eight aptamers from a random DNA library for arsenic (As(V) and As(III)) binding via SELEX 171, 172 and the selected aptamers showed extremely high affinity to both As(V) and As(III) with nanomolar scale dissociation constants (K d ) of 4.95 and 7.05 nM, respectively. 173 When immobilized on streptavidin agarose resin, the aptamers removed almost all the arsenic from contaminated natural water from Vietnam with an excellent selectivity to arsenic. In 2011, Zhou et al. utilized the same strategy for the removal of trace (ng L −1 ) quantities of cocaine and diclofenac from drinking water and obtained a removal efficiency as high as 88%-95% (Fig. 7a) . 174 Based on the lock-and-key mechanism used by enzymes for substrate recognition, molecular imprinting is concerned with employing a target molecule as a template to create templateshaped cavities in a matrix, generally polymeric and in some cases inorganic, with a memory of the template molecule. [166] [167] [168] Similar to the aptamer-based strategy, the molecular imprinting strategy has high selectivity and affinity towards the template molecule even in the presence of interfering substances that may be thousands to millions of times more abundant than the target. 166, 168 One significant study on molecular imprinting for water treatment concerns the development of core-shell structured nanocomposites, consisting of a magnetic-nanoparticle core and a molecular-imprintedpolymer shell, for selective adsorption of water pollutants. Li et al. reported a synthesis of a core-shell magnetic molecular imprinted polymer by surface RAFT polymerization for the fast and selective detection and removal of endocrine-disrupting chemicals, such as Bisphenol A, from aqueous solutions. 175, 176 Other nanocomposites with similar magnetic core-shell structures were developed for the selective removal of herbicides from water, 177 creatinine, albumin, and lysozyme from urine; 178 4-chlorophenol from water; 179 and methyl parathion from a soil solution. 180 Recently, the concept of molecular imprinting has been extended to the field of photocatalysis to overcome a general non-selectivity issue, especially in TiO 2 based photocatalysis. In 2007, Tang and Zhu coated a molecular imprinted polymer on the surface of a TiO 2 -type photocatalyst, P25, and identified the selective decomposition of target pollutants in the presence of high-level interfering substances. 181 For example, in the case of 4-chlorophenol (4CP) being used as the template, the molecular-imprinted-polymer-coated-TiO 2 showed a much faster rate of decomposition for 4CP than that of phenol (k 4CP / k phenol = 20.6), whereas for the original P25, k 4CP /k phenol was only 8.68. The same group also extended this method to 2-nitrophenol, 4-nitrophenol and salicylic acid and achieved high activity and selectivity toward the photo-degradation of the targets. 182, 183 The effectiveness of this strategy has also been proven by other groups on the selective decomposition of 2-nitrophenol and 4-nitrophenol using inorganic-framework molecularly imprinted TiO 2 /WO 3 nanocomposites as photocatalysts (Fig. 7b) . 110 4. Rational design of nano-assisted oxidation and reduction processes
Nano-assisted advanced oxidation processes
Chemical processes account for a significant fraction of conventional water treatment technologies, among which advanced oxidation processes (AOPs) have been playing an important role in wastewater treatment especially in developed countries and particularly for organic pollutant decomposition since its inception in the late 19 th century. 
A conventional Fenton reaction is carried out in a homogeneous catalysis system whose advantages include readily available iron ions, negligible mass transfer limitations, and thus high reaction efficiency. 186, [188] [189] [190] However, the conventional homogeneous Fenton reaction has to take place in an acidic aqueous solution with a pH that is generally lower than 3 to optimize the performance and to avoid losing iron ions by precipitation 186 ( Fig. 8a and b) . The acidification of the entire bulk water before the reaction and its adjustment back to neutral pH after the reaction adds to the operation cost of the conventional Fenton system. Beginning in the mid-1990s, researchers started to develop heterogeneous catalysts for the Fenton reaction using solid iron-containing compounds as the catalysts. [193] [194] [195] The advantages of the heterogeneous systems are obvious: (1) drastic alleviation of the problem of Fe(OH) 3 precipitation as few iron ions are present in the aqueous phase, (2) easy separation of the catalyst after application; (3) a broadened pH range wherein the Fenton reaction can take place. 196, 197 Moreover, Smirnova et al. investigated the free radical generation rate using a spin-trapping electron paramagnetic resonance (EPR) technique and found that at least 50-fold more OH • free radicals were generated on the iron-oxide surface than by dissolved Fe 3+ in a homogeneous Fenton system (Fig. 8c) . The past decade has experienced great progress in the rational design of nanoparticle-based Fenton catalysts (e.g., Fe 3 O 4 , α-FeOOH, α-Fe 2 O 3 , and γ-Fe 2 O 3 ), assisted by a steadily deepening understanding of the Fenton reaction mechanisms. For example, it is known that in a homogeneous Fenton reaction, the Fe 2+ ion produces hydroxyl radicals much faster than the Fe 3+ species. 186 Guided by this knowledge, in 2008, Guimarães et al. applied hydrogen thermal reduction treatment to α-FeOOH to induce Fe(II) on the material surface, which was found to significantly increase the degradation rate of quinolone. 199 Compared to other iron-containing compounds, magnetite (i.e., Fe 3 O 4 ) has recently attracted a considerable amount of interest because it is one of the most abundant iron oxides with Fe(II) in its crystal structure and it is still quite stable in air. 200 In addition, Fe(II) in Fe 3 O 4 is located in the octahedral sites of the spinel phase crystal and therefore exhibits high surface exposure, which is expected to be an advantage for the Fenton reaction. Many published results have proven that magnetite gives a better performance than other iron-containing substances. 200 In efforts to break the conventional Fenton reaction efficiency limit, many other nano-assisted processes have been rationally combined with the Fenton reaction and have resulted in a number of successful Fenton variants (e.g., photo-Fenton reaction, [201] [202] [203] [204] [205] electro-Fenton reaction, [206] [207] [208] and "Fenton-like" reaction 196, 209, 210 ). However, due to the space limitation, these topics are not covered in this review and interested readers should direct their attention to AOP or Fenton-focused review articles. 184, 186, 206, 211, 212 4.2 Nano-assisted TiO 2 based photocatalysis Photocatalysis-based water treatment processes, based on oxidization much more than reduction, have long been studied. Among all semiconductor catalysts, TiO 2 has distinguished itself majorly due to the fact that TiO 2 is by far the most photostable photocatalyst in an aqueous environment. 213 However, its performance under sunlight is limited by two key bottlenecks. The first one comes from its wide band gap nature (3.0 eV for rutile and 3.2 eV for anatase) and thus it is only responsive to ultraviolet (UV) light, which represents only 5% of the total solar spectrum. 19, 214 The second one is the ultrafast recombination rate of photo-generated electron-hole pairs within this catalyst, which decreases the quantum efficiency. 19, 214, 215 Research efforts concerning TiO 2 based water treatments have been mainly concentrated on overcoming these two bottlenecks within the last two decades.
In an attempt to expand the TiO 2 light responsive range, hetero-element doping (e.g. N, F and C) has been widely employed and has been successful in increasing TiO 2 's adsorption of visible light and in inducing TiO 2 to show certain levels of photocatalytic activity within the visible-light range. 19, 216 However, the stability of hetero-element-doped TiO 2 is generally decreased and its performance under the entire solar spectrum, including UV and visible light, does not usually show a significant improvement in most cases. This is mainly ascribed to the fact that the incorporation of these foreign impurities (e.g. N, F and C) is inevitably accompanied by a significantly increased number of electron-hole recombination centers in the material, which thus decreases the quantum efficiency. 19, 216 Recently, the hetero-element doping strategy has been gradually giving way to so-called self-doping by Ti 3+ via various in situ reduction methods (e.g. H 2 reduction, NaBH 4 and electrochemical reduction). [217] [218] [219] [220] [221] In 2011, Mao et al. demonstrated that reducing the TiO 2 surface layer by H 2 treatment could significantly shift the band gap of TiO 2 from 3.3 eV in their case to 1.54 eV, which led to the final TiO 2 product having a black color (Fig. 9a) . 222 Black TiO 2 was proven to be an effective photocatalyst for decomposing organic water pollutants. Recently, many types of "colorful" TiO 2 materials, which indicated their visible light responsiveness, were fabricated by various reduction approaches and their enhanced photocatalytic activities were widely reported. 223, 224 For example, using an aluminum-mediated reduction method, Xie et al. synthesized gray TiO 2 , which exhibited visible-light and even IR absorption with high photocatalytic activity toward organic pollutant degradation. 225 In addition to the doping strategy, to rationally engineer the band structure of TiO 2 , TiO 2 hetero-junctions (e.g. P-N junctions, noble-metal-TiO 2 junctions and Schottky junctions) with other visible light photoactive nanomaterials are also a popular options in the same line. [226] [227] [228] In 2013, Wang et al.
designed and fabricated a gold (Au) nanocrystal-TiO 2 nano- tube array nanocomposite material, in which the Au nanocrystals were responsive to visible light via surface plasmonic resonance (SPR) and injected the photo-generated hotelectrons into the conduction band of the adjacent TiO 2 , thus letting visible light contribute to the photocatalysis reaction (Fig. 9b) . The shape and size of the Au nanocrystals could be rationally designed and synthesized to engineer their SPR wavelength to make an optimal match with the TiO 2 substrate to maximize the photocatalytic performance of the nanocomposite material. 227 Besides acting as an antenna to capture visible light energy, the second phase material of these heterojunctions may benefit fast electron-hole separation by design and thus increase the quantum efficiency. Wang et al. designed a palladium (Pd) and TiO 2 Schottky junction, which considerably reduced the recombination of photogenerated electrons and holes, promoted electron transfer and ultimately led to an improved performance with respect to photocatalytic oxidation of organic water pollutants. 229 Because of a general mismatch between the optical path length required for light absorption (at least 1 μm for 90% light absorption) and the optimal charge diffusion length (usually 70 nm for minority carrier: hole) in TiO 2 , it has inherently fast photoelectron-hole recombination in its particle form. [230] [231] [232] As it allows for optimization of the optical path length and the charge diffusion length relatively independently, one-dimensional nanostructures of TiO 2 , such as nanotubes (NTs), nanorods and nanowire, are rational solutions to the mismatch issue in the TiO 2 particle form. 19, 206 Over the past decade, some reliable and well-established synthesis methods for one-dimensional TiO 2 have been developed, including hydrothermal 233, 234 and solvothermal syntheses 235, 236 and anodization. 237, 238 Wang et al. reported a facile two-step anodization method that was able to produce a hierarchical TiO 2 nanotube array with a well-controlled surface morphology, which achieved a record-high photoactivity in the category of a pure and unmodified TiO 2 material. 215 A highly reactive crystal plane is another essential factor for enhancing the photocatalytic performance. In 2005, Selloni et al. studied the crystal plane catalytic reactivity through investigation of methanol adsorption using density functional theory (DFT) calculations and first principles molecular dynamics (MD) simulations. 239 Their results theoretically proved the high reactivity of the TiO 2 {001} crystal plane. 240 However, the unsettling reality is that the {101}, rather than the {001}, crystal plane is usually the most dominant one in natural and regular TiO 2 materials. This is so because compared with the {101} crystal plane whose average surface energy is only 0.44 J m −2 , the high average surface energy of the {001} crystal plane (0.9 J m −2 ) makes it thermodynamically unfavorable and thus during the crystal growing process, the {001} crystal plane diminishes quickly to lower the total system energy. 241 In 2008, Lu and coworkers first reported a uniformly large percentage of {001} crystalline (47%) formation using hydrofluoric acid as a morphology control agent. 242 In 2009, Yu et al. reported a microwave-assisted method of synthesizing micro-sheet anatase TiO 2 with an 80% level of the reactive {001} plane, which showed a significantly higher 4-chlorophenol degradation performance than the {101} crystal plane dominated TiO 2 (Fig. 9c ).
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Although powder-TiO 2 -based photocatalysis has been mainstream in water treatment, [243] [244] [245] TiO 2 -based photoelectrocatalysis (PEC), in which the photocatalyst is made/deposited on an electrode, has gained tremendous attention. Powder TiO 2 generally has a higher specific surface area and thus a higher level of interaction with the target pollutant in water than the PEC based system. However, the advantages of the PEC-based electrode system over the powder-based one should not be underplayed. 41, [246] [247] [248] [249] As in a TiO 2 PEC system, the photogenerated electrons go through an external circuit before being ultimately accepted by electron acceptors on the cathode side. Within the external circuit, an external bias can be applied to vary the energy level of the electrons so to induce some reactions that may not be possible within the TiO 2 powder based system (Fig. 9d) . 250, 251 One example is that pure TiO 2 powder, i.e., unmodified with co-catalyst, is not able to reduce water to produce H 2 gas due to the high activation energy barrier of hydrogen evolution, even though the TiO 2 's photoelectron energy level lies below the hydrogen evolution level. With a PEC system, an applied external bias can easily induce the electrons to jump over the activation energy barrier of the same reaction to split water to generate both H 2 and O 2 .
215,227,252-254
Nano-assisted reduction processes
Despite the dominance of oxidation processes in water treatment, there are places wherein reduction-based water treatment is essential. For example, the reductive dechlorination of legacy chlorinated groundwater pollutants, especially TCE, by NZVI is an important process for eliminating the environmental impact of these human carcinogens from water resources. NZVI in the reaction acts as a reductant. [56] [57] [58] [59] [60] [61] [62] [63] [255] [256] [257] Given the high water solubility and low adsorptive capacity of such water pollutants as oxyanions (e.g. NO 3 − , ClO 4 − and BO 3 − ), nitrosamines and PPCPs, conventional water treatment approaches suffer from their own limitations. The development of highly efficient heterogeneous chemical catalysts for the reduction of these compounds has now become a more popular strategy. 258 Nanoscale Pd-based catalysts possess high activities in lots of reduction reactions and have found wide applications in the reductive transformation of many water pollutants. In the mid-1990s, Abu-Omar and Espenson found that a rhenium(V) complex could serve as an efficient catalyst for the reduction of perchlorate to chlorate, using hypophosphorous acid (H 3 PO 2 ) as a reducing agent. 239, 259 Although their method is being continuously improved, 260 such a homogeneous catalysis system with soluble reducing agents is not suitable for water purification systems. In 2007, Shapley et al. developed the first oxorhenium(VII)-based heterogeneous catalyst for perchlorate reduction using carbon as a support along with Pd metal particles (Re-Pd/C), 261 which promoted the complete reduction of perchlorate to chloride using hydrogen as the reducing agent under acidic conditions ( pH < 3). In 2009, Shapley et al. further reported that the presence of substituted pyridine ligands was able to greatly improve the activity and stability of this Re-Pd/C catalyst. 262 However, in this system, the rhenium species were immobilized in the activated carbon support only by electrostatic interactions, which led to a rhenium leaching problem. 263 In 2013, Choi et al.
reported a Pd on N-doped activated carbon (Pd/N-AC) system for perchlorate reduction, in which the N-doped carbon surface provided adsorption sites for perchlorate due to the basic nitrogen functional groups on the surface and the supported Pd clusters acted as the catalyst for perchlorate reduction in a hydrogen atmosphere (Fig. 10a) . 264 The adsorption of perchlorate on this N-doped carbon support (3.67 mg g −1 ) was believed to be a key process for this method. However, the low adsorption capacity and low ion selectivity of the activated carbon necessitates frequent regeneration of the adsorbents. In 2014, Strathmann and Werth along with coworkers designed ultra-small Pd clusters (<2 nm) within ion-exchange resin as an adsorption/catalysis bi-functional material for perchlorate reduction. In this system, a ClO 4 − selective ionexchange resin was adopted to replace the activated carbon support due to its high adsorption capacity (∼200 mg g −1 ) and selectivity, which significantly improved the ClO 4 − reduction efficiency and the catalyst reusability. 265 Furthermore, In 2011, Reinhard et al. used bimetallic palladium-indium (Pd-In) nanoparticles supported on alumina for the reduction of N-nitrosodimethylamine (NDMA) and found that indium served as a promoter metal. 266 In 2013, Werth et al. examined the activity of Pd nanoparticles in the catalytic reduction of nitrite (NO 2 − ), NDMA, and diatrizoate as a function of the Pd crystal plane. 267 However, the ultra-small size of the Pd nanoparticles is not conducible to their practical application due to the particle aggregation problem and the difficulties associated with catalyst separation and recovery. In 2014, Strathmann and Werth, along with coworkers, reported a coreshell-structured catalyst with encapsulated Pd nanoparticles for the reduction of bromate (BrO 3 − ) using H 2 as a reducing agent at room temperature. 69 The Pd nanoparticles with a size of 6 nm were firstly attached to the surface of the solid silica nanospheres, which were then further encapsulated with an ordered mesoporous silica shell with a 2.3 nm pore size. The mesoporous shell provided a physical barrier to prevent Pd from leaching and aggregation and at the same time, due to its ordered porous structure, it ensured the accessibility of the Pd nanoparticles by the reactants. It was, although surprising, quite interesting that the mesoporous silica shell could promote BrO 3 − adsorption near the Pd active sites and thus greatly enhance the catalytic activity by a factor of 10, compared to a catalyst that was otherwise the same but without the mesoporous silica shell (Fig. 10b) . The dual functions of the mesoporous shell, enhancing the Pd catalyst activity and preventing aggregation of the active nanoparticles, suggest a general and promising strategy of using metal nanoparticle catalysts for water treatment and/or other relevant aqueous-phase applications.
Rational design of nano-assisted membrane based separation
Over the past decade, nanomaterials have set foot in almost all areas of conventional membrane based separations, including microfiltration (MF), nanofiltration (NF), ultrafiltration (UF), membrane distillation (MD), forward osmosis (FO) and reverse osmosis (RO), and many nano-assisted membrane processes have recorded a significant progress. 11, [268] [269] [270] [271] [272] [273] [274] [275] [276] [277] [278] This section discusses the rational design of nano-assisted membrane processes by focusing majorly on RO and FO, along with emerging next-generation inorganic membranes and active membrane filtration.
Nano-assisted RO and FO performance enhancement
In general, the modern FO and RO membranes share commonality in structural configuration, both consisting of a thin, dense active layer, supported on a thick microporous support layer. 270, 271, [279] [280] [281] The support layer does not contribute to the salt rejection and it is the active layer wherein the separation occurs. The dense, active-layer backbone material in the modern RO and FO membranes is dominated by polyamide due to its high salt rejection. 271, 279, 281, 282 The major concern in RO nowadays is with its energy consumption caused by high operation pressure, which is in turn forced by the need for high water flux. 270, 272, 274 Consequently, research into nanoassisted RO membranes has been focused majorly on increasing the water flux by blending selected nanomaterials (e.g. zeolite, silica nanoparticles, CNTs and aquaporin protein) in polyamide-based active layers. [283] [284] [285] [286] [287] The essence of the nanomaterial blending strategy lies in the preferential water channels created by placing the selected nanomaterials in a polyamide matrix.
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Inspired by the superior molecular sieving effect in zeolite, in 2007, Hoek et al. fabricated a zeolite blended polyamide active layer on top of a polysulfone support (Fig. 11a) , which exhibited a water flux twice that of the non-modified membrane under an optimized zeolite particle loading without decreasing the salt rejection rate. 286 In 2001, Hummer et al.
reported a MD simulation result that showed water molecules were able to rapidly move through carbon nanotubes with a pulse-like transmission behavior 288 for biological water channels such as aquaporin. 289 In 2011, Biological membranes have evolved an effective way for water transportation via aquaporin proteins and this has been inspirational with respect to RO and FO membrane modification. 272, 293 In 2007, Zilles and Clark et al. fabricated amphiphilic triblock-polymer vesicles containing aquaporin Z, which showed complete salt rejection and water productivity 800 times that of the pure polymer without aquaporin Z. 294 Recently, Tang et al. directly incorporated aquaporin Z into the active layer of a RO membrane via the interfacial polymerization method and the prepared membrane exhibited water permeability an order of magnitude higher than a typical seawater RO membrane. 295 Concentration polarization is a serious issue in both RO and FO, as it causes a significant decrease in water flux and therefore in operation efficiency. [296] [297] [298] FO relies on natural osmotic pressure to drive water selectively through a FO membrane, and internal concentration polarization (ICP) is a phenomenon in which the water permeating through the porous support layer concentrates/dilutes the salts inside the porous support layer. ICP leads to reduced osmotic pressure in FO and thus is very problematic as it would cost a drastic loss of driving force in the process. 299, 300 In early times, when RO membranes were directly taken for FO processes, more than 90% of the driving force was lost due to the ICP problem. Even with the latest progress in FO membrane fabrication, ICP still resulted in a loss of more than 50% of the driving force. 296, 301 Therefore, at this point, in the FO membrane, it is not the active layer, but the support layer that is the bottleneck of the FO process. As expected, a nano-assisted and rationally engineered FO support layer has been making its contribution to reduce the adverse effect of ICP. From a rational design point of view, it has been proposed that an ideal FO support layer should have a large porosity, a thin layer structure and low tortuosity, and at the same time, it should provide enough mechanical strength to support the active layer. 302, 303 Following this idea, in 2011, Sun et al. fabricated a FO membrane with a support layer made of electrospun nanofibers (Fig. 11b) , which showed a water flux 3.5 times that of a commercial FO membrane tested under otherwise the same conditions. 302 Tang et al. proposed that the incorporation of porous nanomaterials in a FO support layer would alleviate the adverse ICP effect, and they demonstrated the effectiveness of this proposal by blending zeolite and nanoporous silica gels into polysulfone support layers. 274 Their results showed that with these rationally selected nanoparticles in the support layers, a significantly improved water flux (2.5 times) was obtained compared with the original unmodified FO membrane and their work identified an optimal 10 nm silica gel pore size for the best FO performance.
Nano-assisted RO and FO anti-fouling
Membrane fouling occurs when suspended solids, microbes, and organic materials are deposited on the surface of RO and FO membranes. [304] [305] [306] [307] Membrane fouling significantly decreases the membrane lifespan and increases operation costs, but is seemingly an inevitable byproduct of selective water permeation in RO and FO membranes. With the recent progress in RO and FO water flux enhancement, research into membrane anti-fouling becomes more and more pressing as membrane fouling worsens along with increasing water flux. Two common strategies toward membrane anti-fouling are developed, which can be described as (1) anti-adhesion modification and [308] [309] [310] (2) anti-microbial modification. 306, 311, 312 The majority of research activity on the anti-adhesion modification front focuses on surface hydrophilic modification in light of the fact that most membrane foulants, such as protein, bacteria and large organic compounds, are largely hydrophobic; 313 this was first uncovered by Belfort et al. in
1997. 314 With a hydrophilic surface modified RO or FO membrane, a thin water layer would form on the membrane surface, preventing the hydrophobic fouling substances from adhering to the membrane. Based on this idea, in 2007, Cao et al. reported a method for surface grafting a poly(ethylene glycol) (PEG) layer during active layer fabrication and the PEG grafted RO membrane showed an improved antifouling performance. 315 Takahara et al. modified membrane surfaces with several polymer brushes with different surface tensions to investigate the relationship between surface wettability and antifouling behaviors and their results proved that the hydrophilic surface had much better antifouling properties towards hydrophobic foulants than the hydrophobic ones. 316 Given the ubiquitous presence of microorganisms, fouling by microorganisms, especially bacteria-induced fouling, is not uncommon in many RO and FO membranes and therefore a biocide-induced anti-biofouling strategy is a rational solution in these cases. 11, 276, 313 The centuries-old knowledge of the antimicrobial properties of silver metal has led scientists to use silver, especially silver nanoparticles, for antifouling purposes due to their high antibacterial activity and simple synthesis. In 2009, Yang et al. prepared a silver nanoparticlecoated commercial polyamide RO membrane and tested its anti-biofouling properties in a seawater desalination process. Their results showed an obvious decrease in the microbial con-centration on the membrane surface. 317 In 2014, Elimelech et al. modified a polyamide RO membrane with silver nanoparticles via a layer-by-layer (LbL) assembly, followed by further modification with a polymer brush of poly(sulfobetaine) or PDMS. All modified membrane surfaces exhibited a significant reduction in irreversible bacterial cell adhesion as well as strong anti-bacterial activity (Fig. 12) . 318 In 2007, Elimelech et al. first reported the antibacterial activity of single-walled CNTs (SWCNTs) 319 and in 2012 the same group prepared an antimicrobial film through LbL assembly of SWCNTs with polypeptides. 320 In 2013, it was further revealed that bundled SWCNTs had much faster bacterial inactivation kinetics than unbundled ones. 321 In 2014, it was found that graphene oxide (GO) possessed a broad spectrum of antimicrobial activities. 322 Very recently, Elimelech's group investigated the GO's antimicrobial activity as a function of its size 323 and showed that the GO's antimicrobial activity increased sharply as its size decreased due to the higher defect density of smaller GO sheets. The same group prepared a GO nanosheet-modified polyamide active layer on a RO membrane via surface amide coupling and reported high-level and fast antibacterial activity on the membrane. 324 
Emerging next-generation membranes
Unbounded by the currently available membranes, the development of nanomaterials in the past 10 years, constantly aided by MD simulation as a design guide, has led to many brandnew membranes, especially inorganic membranes, that are completely beyond the limits of conventional membrane materials. 288, 289, [325] [326] [327] [328] The recent developments in this regard include membranes wholly made of CNTs, 329 graphene, 330 graphene-oxide (GO), 331 and reduced graphene-oxide (rGO). 332 Among them, graphene based membranes, inclusive of GO and rGO, have shown unprecedented performances and thus represented a very promising direction in next-generation water treatment, especially in nanofiltration and seawater RO desalination, which will be the focus of the next paragraph. In 2010, using MD simulation, Aluru and coworkers first investigated and compared the water penetration process within a graphene membrane 327 and pointed out the potential of a graphene-based membrane for water filtration. In 2012, a detailed MD study by Grossman and Cohen-Tanugi revealed that nanometer-scale pores in single-layer freestanding graphene could effectively filter NaCl salt from water and they predicted that its water permeability would be several orders of magnitude higher than conventional RO membranes. 326 In the same year, Geim, the 2010 Nobel Prize laureate for his work with graphene, and collaborators prepared a semimicrometerthick GO membrane by spin coating and their permeation experiments showed that the GO membrane was impermeable to the tested liquids, gases and vapors, but allowed unimpeded permeation of water with a flow rate 10 orders of magnitude faster than helium (Fig. 13a) . 331 In 2014, Geim et al. further synthesized a 5.0 um thick GO membrane by a simple vacuum filtration method and found that the GO membrane, if immersed in water, acted as a molecular sieve, blocking all solutes with hydrated radii larger than 4.5 angstroms. Moreover, it was found that smaller ions permeated through the membranes at rates thousands of times faster than what is expected for simple diffusion. 101 They attributed the anomalously fast permeation of the small ions to a capillary-like high pressure acting on ions inside the graphene interlayer spaces. The fact that the major ionic species in seawater, including Na + , K + , Mg 2+ and Cl − , can easily permeate through the GO membrane makes it impossible for RO and FO to be used for water desalination. However, the ultrafast ion transport and precise molecular sieving size cutoff promise the GO membrane numerous applications in the nanofiltration category. In 2014, Park et al. synthesized a double-layered graphene membrane and perforated it using focused ion beam milling to produce plenty of pores ranging from 10 nm to 1 micrometer and the perforated graphene membrane showed water permeation far in excess of those shown by finite-thickness membranes. 333 In 2015, a single layered graphene membrane with nanoscale pores was created by a team from Oak Ridge National Laboratory using a plasma etching process (Fig. 13b ) and the resulting membrane exhibited a salt (e.g. LiCl, NaCl and KCl) rejection rate of nearly 100% and rapid water transport, making it a promising next-generation RO and FO membrane for water desalination. 330 Other interesting work is briefly described in this section: using vacuum filtration followed by HI reduction, Zhang et al. synthesized a freestanding ultrathin (less than 20 nm) rGO membrane, which showed an outstanding performance as a FO membrane. 332 Mi et al. pre- pared a GO membrane via LbL assembly and subsequent crosslinking and the membrane showed water flux 4-10 times higher than most commercial NF membranes. 334 MXenes, due to their atomic layered structures similar to graphene-based materials, highly controllable chemical compositions and high aspect ratios, promise a bright prospective in membrane-based filtration, but unfortunately there have been no published results on this so far.
Active filtration membranes
In comparison to the traditional concept of membranes being physical and permeable barriers for the physical separation of two bulk phases, such as in RO and FO processes, a trend is arising wherein adsorption and/or more importantly chemical processes (e.g. catalysis, reduction and oxidization) are being combined with membrane filtration to achieve active filtration for a more energy-efficient water treatment. [335] [336] [337] [338] [339] [340] When operated under a pressure-driven convective flow, the active membranes provide reactants with rapid access to active sites, thereby minimizing the mass transfer limitations associated with other high surface area-to-volume materials and leading to enhanced treatment performance. 337 Examples of active filtration membranes include TiO 2 or other semiconductorbased photo(electrochemical)-catalytically active membrane filters, 338 CNT-based electrochemically active filters, 136 noblemetal (e.g. Au and Pd) based catalytically active membrane filters, 336 and Fenton-reaction reactive membrane filters. 337, 341 In a typical electrochemically or photoelectrochemically active membrane filtration system, the membrane serves as a working electrode (either cathode or anode depending on the targeted reactions), which is connected to a counter electrode to provide the required potential. Therefore, it is required that the membrane material has to be or be made electro-conductive. 136 Among suitable candidate materials, CNT-based electrochemically active filters have been studied intensively. For instance, CNT-based electrochemically active filters have been demonstrated to be effective in removing aqueous organic pollutants such as salt, proteins, viruses, azo dyes, PPCPs, perfluorinated chemicals, and phenol. 137, [342] [343] [344] [345] [346] [347] [348] [349] However, the potential of other conductive materials, especially graphene, rGO, MXenes and conductive polymers in this regard should not be underestimated.
Rational design of superwetting surfaces for oil-water separation
With fossil fuel, especially gasoline and diesel, being a dominant energy source in personal transportation, the deliberate and accidental release of oil into the aqueous environment takes place in every step of the lifecycle of petroleum and this is nowadays a serious environmental concern. Efficient oilwater separation technologies are highly sought after as environmental response measures. The conventional oil-water separation technologies, such as physical skimmers, hydrocyclone-based separation and membrane-based separation, generally involve external energy sources to drive the separation. [350] [351] [352] Recently, the rapid development of interface science along with bionics has helped in evolving a brand-new concept of using superwetting materials, 353, 354 generally in the form of two-dimensional membranes, for oil-water separation in the absence of an external energy input. [350] [351] [352] [355] [356] [357] [358] [359] [360] [361] The superwetting capability of materials, which is a result of a proper combination of their surface micro-nano hierarchical structure and surface chemistry, refers to extreme wetting behaviors such as superhydrophobicity, superhydrophilicity, superoleophobicity, superoleophilicity, superamphiphilicity, and superamphiphobicity. The inspirations of the superwetting materials usually have their roots in nature, and bioinspired materials with superwetting capability have shown tremendous advantages over conventional methods in the field of oil-water separation as they allow for gravity-driven separation. In 2002, Jiang et al. revealed that a combination of spatial micro-and nanometer-scale hierarchical surface structures and proper chemical composition resulted in the superhydrophobic self-cleaning effect of the lotus leaf, 362 which led them to develop the first example of a superwetting (superhydrophobic/superoleophilic in their case) membrane for oil-water separation in 2004. 363 In their study, a low-surface-energy material of polytetrafluoroethylene (PTFE) coated stainless steel mesh, which had a water contact angle greater than 150°and a diesel contact angle of ∼0°, was used to effectively separate oil from water. Later, researchers came to realize that because the superhydrophobic and superoleophilic materials removed only oil, these oil-removing types of materials could be easily fouled or even blocked by oils because of their intrinsic oleophilic properties, which seriously impact the lifetime of the materials. [350] [351] [352] In addition, the oil adhered to or adsorbed on the materials is hard to remove, resulting in secondary pollution during the post-treatment process. [350] [351] [352] In an effort to solve this problem, Jiang and coworkers, inspired by the oilrepellent capability of fish scale (Fig. 14a) , 364 recently fabricated a novel superhydrophilic and underwater superoleophobic hydrogel coated mesh for oil-water mixture separation (Fig. 14b) . 365 This water-removing type of material has the opposite wettability to traditional hydrophobic and oleophilic materials and thus overcomes a propensity to fouling and recycling problems because they (1) selectively allow water, instead of oil, to pass and thus prevent oil from making contact with the materials, which effectively avoids or reduces the possibility of membrane clogging caused by a viscous oil phase; (2) allow for a true gravity-driven separation of oil/water phases due to the fact that water is generally heavier than the oil phase (Fig. 14) . 366, 367 Similarly, Jin and coworkers recently reported the fabrication of a novel poly-(acrylic acid)-grafted PVDF filtration membrane using a salt-induced phase-inversion approach. A hierarchical micro/nanoscale structure was constructed on the membrane surface, which endowed the membrane with a superhydrophilic and underwater superoleophobic property and thus allowed for effective separation of oil-in-water emulsions.
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Although (super)hydrophilic and underwater superoleophobic membranes are effective for the separation of oil-water mixtures, in practical applications, the hydrophilic or superhydrophilic surfaces of the separation materials are still prone to contamination by low-surface-energy substances present in the mixture due to their intrinsically high surface energy. 369, 370 These low-surface-energy contaminants, once adsorbed, are difficult to remove and often diminish the surface wetting behavior, thus impairing the separation performance. It is for this reason that the frequent washing-based maintenance for the separation membranes is indispensable, which adds to the high operational cost of the separation. To this end, Wang et al. reported a self-cleaning underwater superoleophobic mesh for oil-water separation, which was prepared by LbL assembly of sodium silicate and TiO 2 nanoparticles on a stainless steel mesh. 371 Compared with an organic separation membrane, which suffers from poor stability and may become unstable under harsh conditions, the all-inorganic silicate/ TiO 2 coating provided improved stability. Furthermore, the integration of the self-cleaning property of TiO 2 into the all-inorganic separation mesh enables convenient removal of the fouling contaminants by ultraviolet (UV) illumination and allows for easy recovery of the separation ability of the mesh once contaminated (Fig. 14c) .
In view of the diversity of oil-water mixtures and complexity of oil-spill incidents, a controllable oil-water separation is highly desirable, i.e. the separation material allows either oil or water to pass through on demand. [372] [373] [374] [375] [376] [377] Wang et al. for the first time demonstrated a smart surface with switchable superoleophilicity and superoleophobicity in aqueous media for controllable oilwater separation, 372 as illustrated in Fig. 14d and e. This surface is the first one of its type that can switch between superoleophilicity and superoleophobicity at room temperature without any organic solvent being involved. To obtain a smart surface with switchable oil wettability in aqueous media, especially between superoleophobicity and superoleophilicity, the chemistry on the surface should be delicately designed such that it comprises both hydrophilic and oleophilic/hydrophobic characteristics, with either characteristic becoming dominant over the other in response to environmental conditions. In this study, they grafted a block copolymer comprising pH-responsive poly(2-vinylpyridine) and oleophilic/hydrophobic polydimethylsiloxane blocks (i.e., P2VP-b-PDMS) to functionalize inexpensive and easily available materials, including non-woven textiles and polyurethane sponges, and the functionalized materials possessed switchable superoleophilicity and superoleophobicity in aqueous media (Fig. 14d) , which made them highly efficient in controllable oilwater separation. The P2VP block on the grafted block copolymer can alter its wettability and its conformation via protonation and deprotonation in response to the pH of the aqueous media, which in turn provides controllable and switchable access of oil by the oleophilic PDMS block on the surface (Fig. 14e) .
Multifunctional all-in-one nanomaterials and nanodevices for designed purposes
Given the inherent complexity of natural water and the contrasting application scenarios in reality, an ideal design of nanomaterial for water treatment is expected to be proactively complex, necessitating multi-functions on individual nanomaterials working hand-in-hand to achieve a designed goal. In the past few years, some enlightening synergistically multifunctional all-in-one nanomaterials and in many cases, integrated nano-devices, have been proposed, prepared and successfully tested, many of which represent proof-of-concepts of some ground-breaking and next-generation concepts in water treatment and more broadly in clean water production. The following are three examples we selected among many interesting and inspirational cases.
7.1 An all-in-one, on-demand Fenton-active filtration device
In 2007, Bhattacharyya et al. rationally designed and fabricated an all-in-one Fenton-reaction-active filtration system for advanced oxidation toward water treatment applications, integrating nanostructured materials, enzymatic catalysis, and iron-catalyzed free radical reactions within pore-functionalized synthetic membrane platforms (Fig. 15a) . 337 In this study, within a two-layered membrane, glucose oxidase was immobilized in the top membrane layer to in situ generate H 2 O 2 by reacting with deliberately added glucose in the raw water, which allowed for the flexibility of on-demand initiation of the Fenton reaction. Moreover, once H 2 O 2 was generated, it was flushed down to the second membrane layer wherein it reacted with the polymer-immobilized Fe 2+ /Fe 3+ or iron oxide nanoparticles to kick off the Fenton reaction for the oxidation of pollutants in the raw water within the confined membrane pore space. The rational design of this active filtration system represents a great stride in on-demand initiated chemical reactions and in moving the chemical reaction within confined spaces to break the conventional reaction efficiency limit.
7.2 An all-in-one, self-floating and self-healing solar-driven desalination device Solar evaporation is an important approach to the large-scale production of clean water. However, conventional solar evaporation experiences a high level of energy loss and thus a low evaporation rate due to its bulk water heating nature. 378, 379 Recently, heating based on inorganic photothermal nanomaterial, especially carbon black, CNTs and gold nanoparticles, [380] [381] [382] [383] has become a promising strategy for improving the energy efficiency of solar-driven water evaporation. In 2015, Wang et al. rationally designed and fabricated an interfacial heating membrane, which spontaneously stayed at the water-air interface due to its hydrophobicity, collected and converted solar light into heat with high efficiency, and locally heated only water near the air/water interface. 384 In this study, polypyrrole (PPy) was chosen as the polymeric photothermal material because of its high adsorption of solar light, photostability, and easy processing, and it was coated on the surface of stainless steel by electropolymerization. The PPycoated mesh was modified to be hydrophobic with Wenzel's wetting behavior for high heating efficiency (Fig. 15b) . The rationally-designed membrane possessed a significantly enhanced water evaporation rate with a solar energy to heat conversion efficiency of 58% in comparison to the natural solar bulk heating efficiency of only 24%. Moreover, given the likelihood of losing its hydrophobicity as a result of UV irradiation during application, the photothermal mesh in this study was made capable of recovering its hydrophobicity once lost. Based on this concept, an all-in-one and point-of-use solar desalination device was fabricated and could produce ca. 750 g m −2 fresh water from seawater or wastewater in less than 5 hours under natural solar irradiation. 384 7.3 An all-in-one, point-of-use water desalination cell
In 2010, Han et al. employed the concept of ion concentration polarization within nanofluidics channels and created an external pressure free, fouling-free, all-in-one direct seawater desalination device 385 (Fig. 15c) . In this device, a continuous seawater flow was divided into desalted and concentrated flows by an ion concentration polarization effect. Since the salts and larger particles were pushed away from the channels during permeation, the possibility of membrane fouling and salt accumulation were both greatly reduced. Although the electrical efficiency was miscalculated in the original paper, 386 the unconventional desalination concept from this work is enlightening and represents a great effort in next generation desalination technologies, especially in the point-of-use front. It is generally true that the complexity in the synergistically multi-functionalized nanomaterial design and subsequently synthesis is paid off in the application stage as these nanomaterials lessen the requirements for applications or even open new applications that were impossible with conventional water treatment systems.
Concluding remarks
From the discussion throughout this review, one can see that the rational design emphasizes 'design-for-purpose'. Unlike the trial-and-error approach, on the basis of an in-depth understanding of water treatment processes, a rational design process always starts with scientifically, generally chemically, defining the problem to be solved in detail, such as what the barrier is, what the key to the solution is and the conditions required to solve the problem. Based on the clear problem definition, a conceptual design of a nanomaterial-based solution is proposed, which is then fed back to the problem definition to be scientifically tested. The communication is iterated until both the problem definition and nanomaterial design agree well with each other. Next, the conceptually designed nanomaterial, which just passes the scientific check, is checked with the currently available synthesis capability and can then be synthesized if possible. Otherwise, the iteration back to the nanomaterial design will take place until the designed nanomaterial can be successfully synthesized. The performance of the synthesized nanomaterial is then assessed with respect to its design purpose, which has been unambiguously defined in the problem definition step and the iteration back to the nanomaterial design will take place again in the event of an unsatisfactory performance of the nanomaterial (Fig. 16b) .
Rational design, involving "thinking-outside-the-box", is not bounded by the available nanomaterials, and thus has a high potential of creating next-generation and ground-breaking solutions to the water challenges of our times. In theory, any material developed within the scheme of rational design is new and thus contributes to the already vast library of nanomaterials. However, it is not highly likely that the nanomaterials designed and produced based on the rational design concept find themselves as effective in processes other than those they have been designed for.
In light of the exciting progress in the field in the past decade, we truly believe that the rational design of nanomaterials will continue to evolve and offer us even more unprecedented opportunities to solve the water challenges in sustainable ways. Looking at the near future, the following are some of our humble expectations: (1) the molecular dynamics and other simulation tools would extend their presence in the field and would gradually be taken as indispensable guiding tools in both the problem definition and the conceptual design of the nanomaterial steps (Fig. 16b) ; (2) the next few years would see more multi-functional and all-in-one nanomaterial designs for groundbreaking water applications; (3) smart and intelligent nanomaterials, nano-devices, and nanosystems, which are capable of autonomously adjusting their function(s) in response to ambient conditions for the purpose of achieving the best performance with respect to their designed goals, would most likely emerge in the water treatment field and would gain popularity thereafter.
